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A B S T R A C T
Background. Numerous studies suggested that occupational or environmental exposure to lead adversely affects renal function. However, most studies lost relevance because of the substantially lower current environmental lead exposure and all relied on serum creatinine to estimate glomerular filtration. We investigated the association of estimated glomerular filtration rate (eGFR), estimated from serum creatinine, cystatin C or both, with blood lead (BPb) using the baseline measurements of the ongoing Study for Promotion of Health in Recycling Lead (SPHERL; NCT02243904) in newly hired workers prior to significant occupational lead exposure. Methods. Among 447 men (participation rate, 82.7%), we assessed the association of eGFR and the urinary albumin-tocreatinine ratio (ACR) with BPb across thirds of the BPb distribution using linear regression analysis. Fully adjusted models accounted for age, blood pressure, body mass index, the waistto-hip ratio, smoking, the total-to-high-density-lipoprotein ratio, plasma glucose, serum c-glutamyltransferase and antihypertensive drug treatment. ] was not associated with BPb (P ! 0.36), whereas ACR [geometric mean, 4.32 mg/g (5th-95th percentile interval, 1.91-12.50)] was lower with higher BPb. Conclusions. At the BPb levels observed in this study, there was no evidence for an association between renal function and lead exposure.
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ORIGINAL ARTICLE I N T R O D U C T I O N
Lead intoxication, such as observed in moonshiners [1] , causes nephropathy characterized by the deposition of lead in the straight S3 segments of the proximal tubules and proximal renal tubular dysfunction [2] . Various studies in workers and populations have suggested that occupational or environmental exposure to lead is associated with decrements in renal function [3, 4] . Major factors limiting the interpretation of this abundant literature [3, 4] are incomplete adjustment for confounders, limited relevance of many earlier studies, which were conducted at much higher occupational or environmental lead exposure than presently observed, and estimation of the glomerular filtration rate (GFR) from serum creatinine rather than from serum cystatin C or both serum markers [5] . In the USA, the National Health and Nutrition Examination Survey (NHANES) documented a progressive decline in the geometric blood lead (BPb) concentration over time. Among adults, mean BPb levels decreased from 13.1 lg/dL in NHANES II (1976-80) [6, 7] to 1.2-2.76 lg/dL in NHANES III (1988-94) [8] and next to 1.64 lg/ dL in NHANES IV (1999) (2000) (2001) (2002) [8] . Concurrent estimates of GFR based on serum creatinine were inversely associated with BPb [3, 4] , suggesting that low-level lead exposure could affect function. However, creatinine-based estimated GFR (eGFR) estimates are imprecise, potentially leading to the overdiagnosis of chronic kidney disease. Cystatin C is an alternative filtration marker for estimating eGFR that is less vulnerable to confounding by ethnicity, sex, age, muscle mass and protein intake [5] . Against this background, our aim was to investigate the association between renal function and BPb using the baseline measurements of the ongoing Study for Promotion of Health in Recycling Lead (SPHERL; NCT02243904) [9] in newly hired workers prior to significant occupational lead exposure.
M A T E R I A L S A N D M E T H O D S
SPHERL is a longitudinal study of newly hired lead workers at battery manufacturing and lead recycling plants in the USA [9] . SPHERL complies with the Declaration of Helsinki for investigations in humans [10] . The Ethics Committee of the University Hospitals Leuven (Belgium) approved the study protocol. Of 556 men invited from 1 May 2015 until 19 September 2017, 460 of them gave written informed consent (participation rate, 82.7%). We excluded 13 participants from the present analysis of SPHERL baseline data because of previous known occupational lead exposure. Thus, the number of workers statistically analysed totalled 447.
Blood pressure was the average of five consecutive auscultatory readings obtained with a standard mercury sphygmomanometer after participants had rested for 5 min or longer in the sitting position [11] . Mean arterial pressure was diastolic pressure plus one-third of the difference between systolic and diastolic pressure. Hypertension was a blood pressure of !140 mm Hg systolic, or !90 mm Hg diastolic or use of antihypertensive drugs. Body mass index was body weight (kg) divided by height squared (m 2 ). Study nurses administered validated questionnaires, inquiring about each worker's medical history, occupations, exposure to heavy metals, smoking and drinking habits, intake of medications and lifestyle.
Venous samples of whole blood were obtained after 8 h of fasting. Whole BPb levels were determined by inductively coupled plasma mass spectrometry at an analytical laboratory certified for BPb analysis in compliance with the provisions of the Occupational Safety and Health Administration (OSHA) Lead Standard, 29CFR 1910.1025. Prior to analysis, specimens were digested with nitric acid and spiked with an iridium internal standard. The analytical laboratory participated in BPb proficiency testing programmes. The detection limit was 0.5 mg/dL. The deviation from known lead standards ran along with the samples in each test run was <10%. Measurements on blood included the serum levels of creatinine, cystatin C, c-glutamyltransferase (an index of alcohol intake), total and high-density lipoprotein (HDL) cholesterol lipid and plasma glucose. Serum creatinine was measured using Jaffe's method with modifications in a single certified laboratory that applied isotopedilution mass spectrometry for calibration [12] . We derived eGFR from serum creatinine [13] , serum cystatin C [5] or both [5] using the Chronic Kidney Disease Epidemiology Collaboration equations [5] . Stages of chronic kidney disease were defined according to the National Kidney Foundation Kidney Disease Outcomes Quality Initiative guideline [14] . Diabetes mellitus was a fasting glucose exceeding 126 mg/dL (7.0 mmol/L) or use of antidiabetic agents [15] . Fresh urine samples were analysed for microalbuminuria standardized to creatinine. Microalbuminuria was an albumin-to-creatinine ratio (ACR) of !2.5 mg/mmol [11] .
Database management and statistical analysis were done using SAS 9.4 software (Cary, NC, USA). The flow and quality control of the data have been described in the published protocol [9] . Departure from normality was evaluated using ShapiroWilk's statistic. Skewness and kurtosis were computed as the third and fourth moments of the mean divided by the cube of the SD. We applied a logarithmic transformation to normalize the distributions of BPb, serum c-glutamyltransferase and ACR. The central tendency (spread) of continuous variables was represented by the arithmetic (SD) or geometric (interquartile range) mean. In exploratory analyses, we assessed renal function across thirds of the BPb distribution or by using unadjusted linear regression. Multivariable analyses were adjusted for co-variables with known physiological relevance and potential confounders [16, 17] . Significance was a two-tailed a-level of 0.05. , respectively. The number of workers with an eGFR <90 and <60 mL/min/ 1.73 m 2 amounted to 72 (16.1%) and 4 (0.89%) for eGFR crt , to 0 and 7 (1.57%) for eGFR cys and to 31 (6.94%) and 3 (0.67%) for eGFR cc . The geometric means (interquartile range) were 4.34 mg/g (2.84-6.05) for the urinary ACR and 4.34 lg/dL (2.50-7.90) for BPb (Figure 1) . The 5th-95th percentile interval of the BPb distribution ranged from 0.9 to 14.80 lg/dL. Table 1 lists the characteristics of the workers by thirds of the BPb distribution. Across the lead categories, mean arterial pressure increased, whereas total cholesterol and ACR decreased.
R E S U L T S
The results of regression analysis appear in Figure 2 and Table 2 . Adjusted models included as co-variables: age, mean arterial pressure, body mass index and smoking. Fully adjusted models additionally accounted for the waist-to-hip ratio, the total-to-HDL ratio, plasma glucose, c-glutamyltransferase and antihypertensive drug treatment. In unadjusted, adjusted and fully adjusted models, associations of eGFR crt , eGFR cys and eGFR cc with BPb were all non-significant (P ! 0.36). Irrespective of the adjustment, ACR was lower with higher BPb. In fully adjusted models, the Adjusted models included as covariables age, mean arterial pressure, body mass index and smoking. Fully adjusted models additionally accounted for the waist-to-hip ratio, the totalto-HDL ratio, plasma glucose, c-glutamyl transferase and antihypertensive drug treatment. Association sizes, given with 95% confidence interval (CI), express the difference in the renal trait associated with a doubling of the BPb concentration.
Renal function and blood lead association size for a doubling of BPb was À0.078 mg/(95% confidence interval, À0.15 to À0.002 mg/g; P ¼ 0.04).
D I S C U S S I O N
In the newly hired workers enrolled in this study, the geometric mean BPb concentration was 4.34 lg/dL and reflected environmental exposure. The key finding was that, in men without previous occupational exposure, the associations of eGFR crt , eGFR cys and eGFR cc with BPb were non-significant and that ACR was lower with higher BPb. Whereas severe exposure to lead is nephrotoxic [1, 2] , studies of low-level environmental exposure, as in our participants prior to starting work at lead-acid battery manufacturing and recycling plants, are less consistent with respect to the association between renal function and BPb [8, [18] [19] [20] [21] . In NHANES III [8] , among 4813 hypertensive patients, BPb averaged 4.21 lg/dL, and the prevalence of elevated serum creatinine and chronic kidney disease was 11.5 and 10.0%, respectively. The thresholds applied for serum creatinine varied from 1.2 to 1.6 lg/dL, depending on ethnicity and sex, whereas chronic kidney disease was an eGFR crt of <60 mL/min/1.73 m 2 . On the other hand, among 10 398 normotensive individuals, the BPb concentration averaged 3.30 lg/dL, while the prevalence of elevated serum creatinine and chronic kidney disease was 1.8 and 1.1%, respectively [8] . In multivariable-adjusted analyses, elevated serum creatinine and the prevalence of chronic kidney disease were associated with BPb among hypertensive patients, but in line with our present findings not among normotensive individuals [8] . Among 459 men enrolled in the Normative Aging Study [18] , a 10-fold increase in BPb predicted an increase in the serum creatinine concentration by 80 mg/dL (P ¼ 0.005). The association was also significant among men whose BPb concentration had never exceeded 10 lg/dL. These crosssectional analyses correlated concurrently measured serum creatinine and BPb in participants with the number of measurements ranging from two to six [18] . Each participant was, therefore, included at least twice in the regression models. There was no correlation between changes in serum creatinine and BPb from one visit to the next (P ¼ 0.11) [18] . The agerelated increase in serum creatinine was earlier and faster in the highest when compared with the lowest quartile of the timeweighted average of lead exposure [18] . Inverse associations between renal function and the BPb concentration have also been reported in Belgium [19] , Sweden [20] and Taiwan [21] . However, these studies do not allow excluding the alternative hypothesis that lead retention is a consequence rather than a cause of renal impairment.
Based on an analysis of NHANES III, Lanphear et al. [22] recently proposed that environmental exposure to lead, even at blood levels <5 lg/dL, entails a population-attributable risk of total mortality of 18.0%, which they attributed to fatal cardiovascular and coronary complications. This extrapolation assumes a causal association, which until now remains unproven. A common point of view is that hypertension explains the association of cardiovascular endpoints with lead exposure. However, our analysis of NHANES 2003-10 demonstrated weak and inconsistent associations of blood pressure with BPb [23] . This finding excludes current environmental lead exposure as a major causal contributor to hypertension in the USA [23] . In Lanphear's report [22] , associations of cardiovascular and coronary mortality with BPb remained significant after adjustment for hypertension. Lanphear et al. did not report on the association of non-cardiovascular mortality with BPb, an issue of relevance, because cardiovascular illness and renal impairment go hand-in-hand, and environmental exposure to lead might increase the vulnerability of people already at risk of chronic kidney disease [8] .
An interesting finding of our study is the inverse association of the albumin-creatinine ratio with BPb. Creatinine is removed from the circulating blood primarily not only by glomerular filtration but also by proximal tubular secretion. Little or no tubular reabsorption of creatinine occurs. Small proteins that pass the glomerular sieve undergo tubular reabsorption. Lead alters renal tubular function, such as, for instance, the secretion of urate, which is a cause of leadinduced gout. As a consequence of proximal renal tubular dysfunction, lead-intoxicated children develop aminoaciduria, glycosuria or the Fanconi syndrome [24] . Our study does not allow ascertaining whether the inverse association between ACR and BPb might be explained by higher tubular reabsorption of small proteins or higher proximal tubular excretion of creatinine.
A strong point of our study was that we estimated eGFR from serum creatinine, serum cystatin C or both. Nevertheless, our present findings must be interpreted within the context of their limitations. First, our sample size was relatively small. However, in view of the wide confidence intervals for the slopes of eGFR crt , eGFR cys and eGFR cc on BPb, it is unlikely that we missed a clinically important association. Secondly, a cross-sectional study does not allow us to make any causal inference. Although animal studies support a causal association between renal dysfunction and lead exposure [25] , most of these experiments are irrelevant for human disease given the current low environmental exposure levels. Thirdly, we did not measure blood or urinary cadmium at enrolment. However, analysis of NHANES 1999-2008 data demonstrated that urinary cadmium concentrations decreased markedly between 1988 and 2008. Declining smoking rates and changes in exposure to tobacco smoke probably played an important role in the decline of environmental exposure to cadmium in the USA [26] . Finally, the low prevalence of diabetes mellitus or a history of nephrolithiasis [27] precluded an analysis of these predisposing factors as effect modifiers.
C O N C L U S I O N S
At the BPb levels observed in this study, we did not find any evidence for an association between renal function and lead exposure. Reverse causality, a less efficient renal function leading to lead retention, remains an issue at current exposure levels. The 2006 report of the Environmental Protection Agency [28] and the 2012 National Toxicology Programme Monograph [29] considered the evidence for reverse causality to be insufficient to explain the associations between renal outcomes and lead exposure. However, neither documents offered definite conclusions. The longitudinal follow-up renal function in exposed and mildly exposed workers in SPHERL [9] will allow this issue to be addressed. 
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